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Abstract. An explanatory model study is presented on semi-pends on patrticle size, and indirectly, because the equilibra-
volatile secondary inorganic aerosols on three clear days iion timescale depends on the aerosol sizes. Future studies
May 2008 during the IMPACT campaign at the Cabauw should therefore focus on a fully size-resolved treatment of
tower in the Netherlands. A single column model in com- the gas-aerosol partitioning.
bination with the equilibrium aerosol model ISORROPIA is  Finally, coarser-resolution models may treat the gas-
used. This model uses surface observations from IMPACTaerosol equilibrium of ammonium nitrate by calculating the
and calculates the gas-aerosol partitioning of ammonium niequilibrium with a temperature and humidity sampled at a
trate. The calculated gas-aerosol equilibrium overestimategiifferent altitude. We found that the equilibrium at an alti-
the gas phase fraction during daytime, and overestimates theide of 200 m (night) up to 600 m (day) is representative for
aerosol phase fraction during night-time. This discrepancythe partitioning of ammonium nitrate at the surface in the be-
can partly be solved when the approach of the gas-aeros@inning of May 2008.
equilibrium is forced to proceed with a delay timescale of up
to two hours. Although it is shown that the delay itself has a
small effect, the most important effect is caused by the mix-
ing of air from higher altitudes at which the equilibrium is 1 Introduction
shifted to the aerosol phase. Thus, vertical mixing is shown
to have a significant influence on the calculated partitioningAerosols have a pronounced influence on the climate sys-
at the surface. On some occasions, the correspondence to tkgm, both directly by scattering and absorbing incoming
observed partitioning improves dramatically. solar radiation Kless et al. 1998 Haywood and Boucher
200Q IPCC, 2007 and indirectly by altering cloud properties
Even though gas-aerosol partitioning of ammonium ni- (Rosenfeld et a]2008 Kaufman et al.2002. The combined
trate is not instantaneous, observations show that a differelimate effect of aerosols is poorly understood compared to
ent equilibrium in the upper boundary layer causes aerosothe climate effect of greenhouse gases. In the Netherlands,
ammonium nitrate concentrations to increase with altitude.nearly half (42 %—48 %) of the fine aerosol (P§) mass
Our model calculates similar vertical gradients dependingconsists of secondary inorganic aerosols (ammonium nitrate
on the assumed speed of gas-aerosol equilibrium. The cabnd ammonium sulphateY\eijers et al. 2011), which are
culated optical properties of the aerosol show a similar bethe dominant anthropogenic aerosol species in the size range
haviour. The aerosol optical properties depend on the aerosatith maximum light scattering (0.4—1.0 pmg6 Brink et al,
size distribution both directly, because light scattering de-1997. Also, these secondary inorganic aerosols are effective
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cloud condensation nuclei, because of their size and wategas-aerosol system is not in equilibriuMvéxler and Sein-
solubility. Due to intensive agriculture, the ammonia con- feld, 1992 Meng and Seinfeld1996. Meng and Seinfeld
centrations in the Netherlands have always been sufficientl{1996 pointed out that the timescale on which equilibrium
high to neutralise sulphuric and nitric acid. During the lastis reached depends on the aerosol size and that the equilib-
twenty-five years, sulphur dioxide emissions have decreasedum assumption for coarse mode aerosols is generally not
much more than those of nitrogen oxides in Europe and esvalid. Therefore, some studies use hybrid models, in which
pecially in the NetherlandsVéstreng et a). 2007, 2009. instant equilibrium is assumed for the fine fraction and a dy-
Therefore, ammonium nitrate has become increasingly im-hamic model is used for the coarse fractioB8ajfaldo et aJ.
portant in comparison to ammonium sulphate. Ammonium200Q Feng and Penng2007).

nitrate and ammonium sulphate behave differently with vary- Experimental evaluations of the equilibrium assumption
ing temperature and relative humidity. First, ammonium sul-for fine mode ammonium nitrate show contradicting results.
phate resides exclusively in the aerosol phase, while ammoA number of studies has shown that the predicted equilibrium
nium nitrate resides in both the gas and the aerosol phasés generally in accordance with observatioghdng et al.
where the gas-aerosol equilibrium strongly depends on th003 Takahama et gl2004 Yu et al, 2005. Others have
temperature and relative humidity. Furthermore, the aerosothown that observations show generally larger particulate
water uptake by ammonium nitrate aerosol depends mor@hase nitrate concentrations than predicted during summer
strongly on the relative humidity than the water uptake of and daytimeNoya et al, 2001, Fisseha et al2006 Morino
ammonium sulphateTang 1996. Because both the aerosol et al, 2006. For the Netherland§chaap et al2011) com-

dry mass (ammonium nitrate) and the aerosol water contenpared ISORROPIA calculations with hourly observations of
is strongly enhanced at lower temperature and high relativeéhe gas-aerosol partitioning obtained with a MARGA system
humidity, the interaction of ammonium nitrate aerosol with (Thomas et aJ.2009. These authors modelled too abundant
solar radition is also more strongly increased at these conaerosol nitrate during the night and at daytime in winter as
ditions than that of ammonium sulphate aerosol. With am-well as too abundant gaseous nitric acid during the day in
monium nitrate becoming increasingly important, systematicsummer. They attributed the mismatch to either an incor-
investigation of these properties seems appropriate. rectly calculated equilibrium or a non-instantaneous equilib-

, : , L ium.
Research into ammonium nitrate partitioning is hampered , .
by insufficient data availability. Most continuous measure- It has been postulated that the relative abundant nitrate dur-

ments at ground-based stations are made with common filte"9 daytime in summer may partly be due to transport of ni-

packs and are prone to artefacts due to volatilisation of am_trate richer air from the upper parts of the boundary layer to

monium nitrate or absorption of nitric acidfy et al, 2006 the. g{ou?ShM%rlr;)o et il’ 200%’} Wl\lltht;hg?t I’BISSIOHS mtthle
Zhang and McMurry1992 Cheng and Tsail997. Con- V;(:)';' yob € gtﬁlug/v_o:c/ver(the € erban Eicl;orga:ne al.
tinuous measurements of total ammonium (J\H-NHZ{) and (2010 observed that air from the upper boundary layer s in-

) _ : deed richer in aerosol nitrate compared to the surface. Also,
total nitrate (HNQ + NO.3) are more widespread and there- they tried to explain the observed scattering coefficients in
fore often used for validating large-scale models. Correc

tion betw | and h . | i he upper boundary layer from surface observations in com-
separation between aerosol and gas phase 1S oy POSSIg, »iiq with observed humidity-dependence of aerosol light
with denuders in combination with a filter pack or a Steam Jet

. scattering, assuming a well-mixed boundary layer. The ob-
Aerosol Collector §lanina et al.2001; Schaap et /2002 : - :
Trebs et al. 2009. For continuous measurements, theseserved scattering coefficients in the upper boundary layer

. ) . were higher than the predictions up to a factor two, which
labour intensive are rarely used. Therefore, reliable mea- g P P

surements of aerosel ammonium nitrate are often campaig was attributed to enhanced partitioning of semi-volatile gas
. phase species to the particulate phase in the upper convective
based like EUCAARI-LONGREXKulmala et al, 2009 and b P P b PP

. . boundary layer where lower temperatures and higher rela-
the IMPACT-campaign at the Cabauw tower in the Nether-_. e . : i
lands Morgan et al, 2010). tive humidities prevail. In this paper, we test the hypothe

sis that ammonium and nitrate gas-aerosol partitioning is in
Correct representation of the partitioning of semi-volatile non-instantaneous equilibrium and that vertical mixing may
species has been a challenge for modellers as well. Foexplain the mismatch between predicted and observed parti-
partitioning of ammonium nitrate, many large-scale mod- tioning.
els use equilibrium models such as EQSAMefzger et al. The main part of this article is a model study on the par-
2002ab) or ISORROPIA Nenes et a).1998 Fountoukisand titioning of ammonium nitrate. The model is explained in
Nenes 2007). Large-scale models usually assume that theSect.2. We will reproduce the results &chaap et a(2011)
gas-aerosol system is always in equilibrium, which meanswith an ISORROPIA box model in Sec3.1 In Sect.3.2,
that the timescale of gas-aerosol partitioning is assumedhe column model results are presented. There, we will anal-
much shorter than that of other processes such as turbulenyse the partitioning timescale by analysing the gas-aerosol
mixing of the convective boundary layer-{5min). Sev-  partitioning at the surface, the vertical profiles of aerosol ni-
eral studies, however, have pointed out that generally thdrate and the optical properties. Inspired by the model results,
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some technical analysis is done. In SE&B we test the as- of the roof. For a more detailed description of the cam-
sumptions on which our optical calculations are based (se@aign and the instrument, we refer above-mentioned refer-
also Sect2.2.3. In Sect.3.4, we provide a solution for ences chaap et gl.2011 Thomas et a).2009 ten Brink
coarse-resolution models for the issue that one cannot ast al, 2009 Keuken et al.1988 Khlystov et al, 1995 Slan-
sume instant equilibrium of ammonium nitrate in the con- ina et al, 2001). The concentrations of sulphate, total am-
vective boundary layer. monium (NH; + NHj{) and total nitrate (HN@+ NOg3) are
used to prescribe the model. The observed partitioning of
ammonium nitrate is used to evaluate the model.
2 Materials and methods The aerosol size distribution is measured with a Scanning
Mobility Particle Sizer (SMPSZieger et al.2011; ten Brink
In this section, we describe the observations and the modedt al, 1983 Wang and Flagar1990. The mobility size spec-
used in this study as well as their interaction. Our studytrometer consists of a sequential set-up of an impactor, neu-
is based on observations collected at the Cabauw towetraliser, differential mobility analyser (DMA) and a conden-
in the Netherlands (558223 N, 4°55575 E) during the  sation particle counter (CPC). In the DMA, aerosol particles
EUCAARI intensive measurement campaign (IMPACT). are classified according to their electrical mobility. The anal-
Our analysis focuses on May 2008, as the fair-weather conyser consists of a cylinder with a negatively charged rod at
ditions during this month are easier to simulate and be-the centre. Only aerosols in a narrow range of mobility exit
cause aircraft data were available. Below, we start with anthrough the output slit, where they enter the CPC, which de-
overview of the meteorological, chemical and physical mea-termines the particle concentration of that size. The size of
surements. Next, the Wageningen University Single Columnthe particles reaching the output slit is being determined by

Model (WUSCM) is introduced. the control rod voltage and the flow within the DMA. Be-
fore entering the DMA, aerosols are brought to a bipolar
2.1 Observations charge equilibrium using®Kr bipolar charger (neutraliser).

In charge equilibrium, the fraction of particles with a sin-

The Cabauw Experimental Site for Atmospheric Researchyle emenentary charge is known for all sizééiédensohler
(CESAR; http://www.cesar-observatory;nl Russchenberg  1988. Particles with diameter larger than about 800 nm are
et al, 2009 provides a host of meteorological data. We removed by a 0.0457 centimetre-diameter-orifice aerosol in-
use primarily the temperature and the dew point temperaturéet in order to facilitate multiple charge correction. Because
at 2m. From these quantities, the relative humidity is cal-the aerosols are in charge equilibrium, the total number of
culated. Furthermore, a CT75 Ceilometer provides aerosoparticles can be calculated. The output data of the SMPS is a
backscatter profiles and therewith a qualitative indication ofparticles number size distribution %), whereN is the
the boundary layer height. We will tune our model such thathumber of aerosols anfl is the aerodynamic diameter. The
these observations are reproduced. Tuning parameters thg\MpPS at Cabauw measures 70 logarithmically equidistant
influence the meteorology are initial temperature profiles,sjze bins ranging from 10 nm to 520 nm. The aerosol size dis-
initial moisture profiles and a radiation tuning parameter thattribution is only used for the optical module (see S82.3.
will be explained in SecR.2.1 On clear days, this procedure Morgan et al(2010 present aircraft observations of 8 May
leads to an excellent representation of the two-metre tempefand 21 May in the vicinity of Cabauw. Particulate sulphate,
ature and relative humidity (see Se8t2.]). Furthermore, nitrate, ammonium and organics were observed during the
our modelled boundary layer height in the afternoon corre-flights at different altitudes with an on-board Aerodyne com-
sponds well with the ceilometer backscatter data. pact time-of-flight aerosol mass spectrometer (cToF-AMS)

We used hourly integrated data of both inorganic aeroso{Drewnick et al, 2005 Canagaratna et aR007). The AMS
composition and the precursor gas concentrations as obtaingfleasures the fine fraction of the aerosol, with 100 % trans-
with a MARGA-instrument §chaap et al2011). MARGA mission for aerodynamic diameters of 40—700 rdeCarlo
(Monitor for AeRosols and Gases, Applikon Analytical BV) et al, 2004. The scattering coefficient is measured with
is the commercialised version of the GRAEGOR systemga TS| 3563 nephelometeAfiderson et a).1996 at wave-
(Thomas et a).2009 ten Brink et al, 2009. Among other  |engths of 450 nm, 550 nm and 700 nm, of which the value
inorganic components, the gases \khd HNQ as well as  at 550 nm wavelength is used in our analysis. The humid-
the PM components NQ SCO;~ and NH; were measured ity dependence of the light scattering by the aerosols was
with hourly frequency. The sampling part of MARGA com- obtained by measuring the scattering coefficient of a sam-
prises a wet rotating annular denuder (WAD) for the collec-ple of aerosols at varying relative humidity (RH) values,
tion of the precursor gasekguken et al.1988 and subse-  while keeping all other parameters fixed. The measured RH-
quently a steam jet aerosol collector (SJAC) for the collec-dependency was fit with the following formula which is re-
tion of the particulate matteiKplystov et al, 1995 Slan-  ferred to asf(RH) (Morgan et al. 2010).
ina et al, 2001). The MARGA was located indoor while a
Teflon coated P (URG) inlet was mounted on the edge o :Udry(1+aRHb) D
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Here, RH is the relative humidity (0-19, is the scattering 2.2.1 Meteorological module

cross section andgy is the scattering cross section at de-

hydrated conditions (RK 40 %). The parameteks and b The radiation scheme is based on the Tropospheric Ultravi-
were determined to fit the observations. The valuesafd  olet and Visible radiation model (TUMWladronich 1987).

b may depend on aerosol composition and aerosol size distriWVith TUV, we calculated the incoming short-wave radiation
bution, but they should not directly depend on temperature@s function of zenith angle. We apply this radiation with a
The f(RH) is measured multiple times during a flight. As a tuning parameter that accounts for the optical depth of the
result, the values faz andb represent the average situation atmosphere (e.g. clouds). The calculated aerosol light scat-

during the whole flight. tering does not feed back on the incoming short-wave radia-
tion.
2.2 The model Evapotranspiration is parameterised by calculating the

canopy resistance, which depends on e.g. leaf area index.
The  Wageningen  University  Single  Column This resistance is corrected for short-wave radiatitar\is
Model (WUSCM) simulates boundary layer meteorol- 1976. The soil temperature, which is important for the long-
ogy (radiation, land-atmosphere interaction and mixing) andwave radiation budget, is also calculated by the model’s sur-
can support chemistry schemes. For this study, we adoptegce scheme.
a simple chemistry scheme that only involves gas-aerosol Boundary layer diffusion is simulated with the Medium-
partitioning.  Only seven tracers are taken into account:Range Forecast (MRF) scheme followifigpen and Mahrt
ammonia (NH), ammonium (NH), nitric acid (HNGs), (1986 and Hong and Par(1996. Diffusion tendencies
nitrate (NG;), sulphate (S§T), bisulphate (HSQ) and  are implicitly determined. It includes non-local momentum
aerosol water (LO). The optical module is not coupled fluxes according tdNoh et al.(2003. The local diffusiv-
directly to the WUSCM model. This module calculates the ities are calculated with the local Richardson numbers and
scattering coefficient from the model output, without feeding the counter-gradient fluxes are calculated with a constant for
back to the model. excess temperature.

For simplicity, this study does not employ a size-resolved

aerosols scheme. Sizes of aerosols are only used for optic&2.2 Chemical module

calculations, for which we use the observed aerosol size dis- . ]
tribution (see Sect2.1and2.2.3. Furthermore, the inter- OUr model employs ISORROPIA version Zduntoukis
action between sulphate, ammonium and nitrate with othe®nNd Nenes2007) to calculate the gas-aerosol equilibrium.
components is neglected. It should be noted that sea salPORROPIA calculates the fraction of aerosol phase ammo-
(sodium chloride) may displace nitric acid, becoming sodiumnium and nitrate at equilibrium given the total ammonium
nitrate and outgassing hydrochlorid acBthaap et al2004  (NHs+ NHZ_D concentration, the total nitrate (HN® NO;)
von Glasgow 2008, shifting the partitioning of nitrate to- concentratlor_l, the sglphate concentration, the temperature
wards the aerosol phase. However, the simulated days wer@d the relative humidity. ISORROPIA also calculates the
dominated by easterly winds and therefore low sea salt conWater content of the aerosols at equilibrium. ISORROPIA
centrations. Additionally, soluble organic matter may alsoUS€s & bulk aerosol approach, so no aerosol size distribu-
influence the activity of inorganic components by uptake oftion is taken into account to calculate the gas-aerosol equi-
additional water. These effects are difficult to represent inliPrium. To mimic the fact that equilibrium is not reached in-
our model and are considered beyond the scope of this studytantaneously, we introduce a parametgto set the speed
The model has a resolution of 200 levels with equal pres_at which the equilibrium is reached. The tendency given by
sure intervals of 150 Pa, ranging from the surface to aboutSORROPIA to the model is
three kilometres altitude and the soil is represented with fourg ¢ Ceq—C
layers. No upper boundary condition is applied. In all - o 2
our cases, the top of the domair3km) is far above the P
boundary layer, so the upper boundary condition does not ditjere, C is the concentration vector of all tracers, afigh is
rectly influence our study area (the boundary layer) on thethe equilibrium calculated by ISORROPIA. The parameter
timescale of one day. The surface boundary condition is de-[Io will be used as a tuning parameter that we will vary to
termined by observations as explained in SBct. We use a2 improve the correspondence to observations. If we want to
model spin-up of one day. The model integrates with a thirdagssume instant equilibrium, we usg=20s, equal to the
order Runge-Kutta systenWcker and Skamaro¢k2003,  general time step to keep the model numerically stable.
which means that tendencies for the individual processes |n reality, aerosols may exhibit a phase hysteregiar(g
(e.g. diffusion and chemistry) are evaluated and added. Thet al, 2008. Depending on the history of the relative humid-
overall time step is 20s. ity, aerosols may be in a metastable (supersaturated) state or
in a solid state coated with saturated liquid material. In our
study area (the Netherlands), the humidity is generally high
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enough (40% and higher), so we assume that our aerosol®n the left hand side, we calculate the total aerosol volume
remain at the humid, metastable side of the hysteresis. by adding up the volume (mass divided by density) of the

The concentrations of the inert tracers: sulphate, total ni-aerosol components. On the right hand side, we add up
trate (NG + HNOg) and total ammonium (Nﬁ:|+ NH3) at the aerosol numbers and calculate their volumes assuming
the surface were prescribed equal to the time-interpolate@ spherical shape.
observations at Cabauw. This allows us to represent the cor- ‘

. . . . C],surf T dN 3
rect concentrations of these tracers without |mplementat|onz = —SZ(—),-Dl. SMPS 4)
. . o o ~ 6 <~ dlogD ’

of processes like advection, emission and deposition. When i

updating a concentration, the partitioning between gas ang, the left hand sidej is an aerosol component (ammonium
aerosol phase is set equal to that of the previous time step iitrate and ammonium sulphatgy; is the density of com-

the model. Although this prescription works well, it should ponent;j and C; sy is the modelled mass concentration of

be realised that advection, emission or deposition of ammogomponent; at the surface. On the right hand sideis a

nium or nitrate with a different partitioning can cause biases,g;;¢ pin ( IdN )i is the measured quantity by the SMPS for
"\dlogD

because the prescription leaves the partitioning the samg;;| i, and D; swps is the size (diameter) of the size hin
This can influence the results when the timescale of partition-r, o |apel “SMPS” is added to indicate that this is the size

ing is large. Finally, prescription of the total-concentrations of the aerosols when they are measured by the SMPS. The
at the surface may result in slight biases when adveCtiorhormaIisation constarf is then obtained as:
occurs in the upper convective boundary layer. Due to the .
strong vertical mixing during daytime, we think that these bi- 6 Zj %‘
ases are generally small. In general, the above-described pr<§—= T 3 (4N ) )3 (5)
cedure works adequately for a well-mixed boundary layer. i*dlogD 7! i, SMPS
Our analysis will therefore focus on the daytime, which is Note that we do not include water in the aerosol components
also the most relevant for the radiative effect of aerosols.  j, because the SMPS measures the size of the aerosols after
drying. However, we include ammonium nitrate, although it

2.2.3 Optical module may have evaporated from the aerosols on drying.

) i ) , The aerosol number concentration is required over the en-
We model the light scattering by the aerosols with a Mie- 0 yertical model domain, while the above-mentioned algo-

scatterlngh_module (OI. II?’OUChEr' personal Comml"r"c"?lt'on’rithm only calculates the aerosol number concentration at the
2004). This code calculates the scattering cross section 0gurface. We assume that aerosol numbers are inert, which

- N 2 ) : \
aerosols with a certain size & <) and complex refrac- 1,045 that we assume that no nucleation or coagulation of

tive index ¢n). We apply the Mie-calculation for 70 size bins  ,, icjes takes place on vertical transport. Therefore, the ver-
tical profile of the aerosol number concentrations should be

with SMPS measurements as input.
_ The SMPS instrument measures the aerosol size distriblginar 1o that of an inert tracer (e.g. total nitrate). To ap-
tion as a differential aerosol count in an aerodynamic dlame'ply this vertical profile, we introduced an inert vertical nor-

AN : | ,
ter range fr5qp. ). The optical calculations require the nUM- 5 jisation tracerz) that is fixed at unity at the surface and

ber concentrations%’() per size bin. For the optical calcula- subject to vertical mixing. In general, will be well-mixed
tions, it is very important that the aerosol number concentra{z = 1) in the convective boundary layer and will have a
tion and size distribution are consistent with the total aerosokharp descending gradient in the transition to the free tro-
mass. Without calibration, the observed aerosol number conposphere. Applying this vertical profile completes our defi-
centration is not consistent with the modelled aerosol massnition of the number concentration per size bin.
For example, the model neglects organic aerosol mass, whilg,, AN
organic aerosols are counted by the SMPS. Also, the model—=(z) = Z(2)S(———); (6)
assumes spherical aerosols with volume equa} 5. In 4 dlogD
reality, the mass of an aerosol with aerodynamic diameteWe calculate the refractive index of the aerosol with the mod-
Dy may be different. Therefore, the SMPS output has to beelled volume fractions of the aerosol tracers (including wa-
calibrated to match with the model assumptions. Thus a norter) and the refractive indices of the materials. We assume a
malisation constant is required for the conversion. mixture of water, ammonium nitrate and ammonium sulphate
with no clear dominant component (The modelled concentra-
N S dN A3) tions of ammonium bisulphate or not-neutralised ammonium
4 dlogD or nitrate are negligible). The formula for the effective re-
This normalisation constarst scales the measuregff;)—gD to grggg\./e index is as followsAspnes et al.1979 Bruggeman
reproduce% for all size bins in such a way that it fits with > 5
the modelled aerosol material. It is obtained by setting uPij J -0 7)

an equation for the total aerosol volume per cubic metre air.; m3+2m§ﬁ
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Here,mef is the effective refractive indexs; is the volume  volume (V). In this case, all aerosol diameters grow with a
fraction of componenyj, andm ; is the refractive index of constamfactor(%X). This factor can be calculated with the
componentj. The effective refractive index is solved nu- following formula.

merically.

Our model only includes ammonium nitrate: & 1.6; Z,M
Weast 1985, ammonium sulphater{= 1.53; Toon et al, /Cf)f
1976 and water 2 = 1.33; Hecht 2003. Thereforemes is Di smps > %”"
not expected to vary considerably. Moreover, the effect of the
refractive index is much smaller than the effect of an increasé\ote that aerosol water is not counted in the té€fmur, like
in geometrical cross section of the aerosols by hygroscopidn EQ. ©).
growth. Therefore, we think that variations in the refractive A second possibility that we will explore is the distribution
indices only play a minor role. of the condensable material proportional to aerosol surface,

The last thing required for the optical calculation is the the area where condensation takes place.
actual size of the aerosols per bin (at any altitude). The ac- 2
tual size is generally larger than the dry size measured at thgv =XA=nXD
SMPS because of condensation of water and eventually ad- gy — ZDZdD
ditional ammonium nitrate. Our assumption of inert aerosol 2 (11)
numbers (see above) implies that the number concentrationzDde = XD?
does not change because of condensation of water and ad2
ditional ammonium nitrate. The new size of the aerosols
should be sufficient to fit all material (ammonium sulphate
ammonium nitrate and water):

Di,actual 3

(10)

dD=2X

'Here, X is defined as the constant of proportionality between
the volume of the condensed matt€¥() and the aerosol sur-
Ci(z) =w dN face aread). In this case, all diameters grow with a constant
Z% = EZ(Z)SZ(M)iDEaCtua(Z) (8)  amount(2x). The value ofi D can be solved by substituting
i i D; actualWith D; smps+d D in Eq. @) and solved D numer-
This equation differs from Eq4j in three aspects. First, the ically.
concentration of aerosol components and numbers are now Ciz) AN
t altitudez instead of at the surface. Second, the diameter) - —2——= =—Z(2)SY (———)i(D;sups+dD)>  (12)
a 6 — dlogD '

of the aerosols is now the actual (wet) diameter instead of Jj Pi
the dry diameter and therefore water is also included in th
components;. Third, the normalisation constaStis now
known (from Eqgs4 and5) while the diameters); actualz))
are unknown and should be solved. This single equation ha
70 unknowns (on&; actualz) for size bin), so there is by far
no unique solution. By choosing which solution of Ef) (

FO t?"e: we will choose Fhe way n Whlc.h _addltlonal material feld (1996. They present a box-model simulation with two
is distributed over the size bins. We will introduce two pos- . ) S I : .
sibilities to distribute the condensed material over the sizedlﬁen:"nt aerosol size classes in disequilibrium with gas. Ini-
bins tially the fine aerosols equilibrate with the gas by quick con-
' . A densation ¢ D?). Later on, the coarse aerosols equilibrate
One way is to assume mutual equilibrium between the

. . . with the gas, depleting the gas phase concentrations. Then,
aerosols. That is achieved by enforcing the same composi;__ .. . o .
the fine aerosols are no longer in equilibrium with the gas and

tion for each aerosol size class, which means that the volum : : .
e semi-volatile components evaporate out agairDf).

€on short timescales, aerosols will tend to grow proportional
to surface area~ D?). If the ambient conditions remain
constant for a longer time period, the different aerosol size
Blasses have time to equilibrate. In such cases, the aerosols
have grown proportional to volume~(D3). This change
from (~ D?) to (~ D3) has been shown byleng and Sein-

of condensed matter should be proportional to the aeroso n illustrative example is given in Fig. 2 dfleng and Se-

volume. infeld (1996. It is hard to determine which of the two pos-
dv=xv=2xD?3 sibilities is best and the actual distribution is probably some-
where in between, depending on the rate of change of the
dV = zDde ambient conditions. Since conditions of an air mass change
- x (9) fast in a convective boundary layer, our main result will be
—p2dD==-XD? calculated with the+ D?)-distribution. Sensitivity studies
2 61 will show the difference when using the (D3)-distribution
dD = §XD (Sect.3.3.

With the number concentrations for each bin, the refractive
Here,X is defined as the constant of proportionality betweenindex of the aerosols and the actual size of each bin, we can
the volume of the condensed mattéi/() and the aerosol calculate the scattering coefficient with the Mie module.
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3 Results and discussion equilibrium, turbulent mixing of air from higher altitudes in-
fluences the partitioning at the surface.

First, we will calculate the equilibria of the gas-aerosol sys-

tem with ISORROPIA and compare these to surface ob-3.2 Column model results

servations for a long measurement period. Next, we will ] .

present the calculated surface partitioning, aerosol nitraté/V/e performed three simulations for each of the three selected

profiles and scattering profiles, using the model as explained@ys; in which we set the partitioning timescale parameter

in Sect.2 for three clear days in May 2008. We will compare (%p) 10205, 1800s and 7200 (see Bg.The 20-s timescale

these with surface and aircraft observations. mimics instant equilibrium. With these simulations, we test
the hypothesis that a non-instantaneous equilibrium bridges
3.1 ISORROPIA only the gap between the calculated equilibrium by ISORROPIA

and the observed partitioning (see Fiigind?2).
In contrast to other countries, the ammonia concentration in 5 ina th |
the Netherlands is in most cases sufficiently high to neutralise-2-1  Tuning the meteorology

all sulphate and all nitrateSgchaap et al2004. Excess am- As we explained in Sec.1, we tune meteorological in-

monia remains in the .gas.phase. r_egardless of the metgorop—ut data to reproduce the CESAR data. In FHds shown
logical situation, resulting in a minimum gas phase fraction

. . that the temperature is represented very well and the relative
greater than 0% for ammonium (not shown). The nitrat P P y

e . .
L . umidity is represented reasonably. The root of the mean
0, 0,
partitioning, however, varies between 100 % gas and 100 A;quare error in the temperature is 0.44, 0.77 and 0G4

aerosol, making it a good indicator for the gas-aerosol equis s o and 21 May respectively and during the afternoon
librium. Therefore, we will focus on the nitrate partitioning. '

hours (the period of interest, 12:00-18:00 UTC) only 0.18,
Schaap et al201]) already showed that ISORROPIA cal- 0.21 and 0.34C. The root of the mean square error in the

culates a too large aerosol nitrate fraction during winter andrelative humidity is 7.5, 7.8 and 6.2 percent (3.4, 4.7 and 2.6

QUring summer nights and a too large gas phase fraction dur|5ercent during afternoon) for 6, 8 and 21 May, respectively.
ing summer days. We reproduced these results. InFig.

h Its of iust May 2008 h hich b We underestimate the humidity in the morning by 10-14 %
the resuits of just May are shown, wWhich can be ol e gverestimate the humidity in the evening by an equal

sidered a summer month. The observed nitrate partitionin%mount_ This is probably caused by a too sharp increase and

Someé'][“es (;Xh'tilésw? clear d:grnaIDcygle, frc])_r exa_mgle .":] thedecrease of the boundary layer height during the morning and
?PT”O rcr)]m to diti ay (.sf]e 'gl)(' .u(r;n%t ('js perl? W;t . evening transitions in the model. This means that we model
airweather conditions with weak wind, the diurnal cycles in 1, 1y ,cpy dry air entrainment in the morning, reducing the

the calculated equilibria are too large and have a small phasﬁumidity In the evening, we model a too shallow bound-

shift, V.Vith the calculations an hour or two ghead of the Ob.'ar layer 6~30 m), where moist air is trapped, increasing the
servations. Because these periods are easier to represent ”hé:nidity The nocturnal boundary layer height at Cabauw

simplified model, the focus of our study will be on three clear sually ranges from 60m to 540 m and is often underesti-
days. 'On some days., for i.nsta'mce 17 to 31 May, the diumaﬁ\ated by modelsSteeneveld et al2007. The boundary
cycle in the observations is disturbed. ISORROPIA some-Iayer height reaches its maximum close to 2km for 8 and

times calculates no diurnal cycle at all (e.g. 17 or 27 May),21 May and about 1.5 km for 6 May. With the aid of the pro-

overestimating the aerosol phase fraction _IiI§e in the winter.vided backscatter data, we estimate that the mismatch with
On many dgys, however, ISORROPIA ex_h|b|ts a d|urna|. %Y the real boundary layer heights is in the order of a hundred
cle, which is smaller than during the fair-weather period. metres

There is no clear relationship between total nitrate concen-
tration and the partitioning. 3.2.2 Partitioning at the surface

The three days selected for our study are displayed in
Fig. 2. We recognise a diurnal cycle in the observed parti- To illustrate the effect of a delayed equilibrium, we first show
tioning on 6 May. On 8 May, the observations start similar to ISORROPIA calculations with a partitioning timescale taken
6 May, but the gas phase fraction suddenly decreases in th@to account and applying EcR), but not taking into account
evening hours. On 21 May, both ISORROPIA and the obserboundary layer mixing. For these calculations, we used time-
vations show a large aerosol fraction, which is due to the relinterpolated meteorological data from the CESAR observa-
atively low temperature on that day. However, the observedions and time-interpolated observations of total ammonium,
partitioning lacks a clear diurnal cycle, while ISORROPIA total nitrate and sulphate from the MARGA. This results in
still shows a diurnal cycle like the other days. Our hypothesisa very small weakening and delay of the diurnal cycle on
is that the gas-aerosol system does never reach equilibriunincreasingrp (see Fig4). Secondly, we show modelled sur-
This may explain differences between the ISORROPIA cal-face partitioning of nitrate in our column model with the me-
culations and the observations, even if the equilibrium calcu-teorological situation tuned as in Se8t2.1 This results
lated by ISORROPIA is correct. With a non-instantaneousin a much greater weakening and delay of the diurnal cycle
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Fig. 1. Upper panel: observed total nitrate (nitric acid plus aerosol nitrate) concentration at Cabauw for May 2008. Lower panel: observed
partitioning of nitrate and equilibrium by ISORROPIA for May 2008. Gaps in the graphs are caused by missing data.

as well as an average shift towards the aerosol phase (séeand 11 May). The improvement on 6 May with= 7200 s

Fig. 5). Additionally, small differences occur because the is impressive (compared to ISRROPIA-only, the root mean

column model uses tuned meteorology (S&c2.1), while square error is reduced by factor 2.1 over the entire day
the (nudged) ISORROPIA equilibrium use direct CESAR and by 5.9 over the afternoon hours: 12:00-18:00 UTC, see
data. These latter differences are the only differences visFig.5). On 8 and 21 May, we model too low gas phase frac-

ible in the simulation with quasi-instantaneous equilibrium tions during the night. Our model, specialised in the convec-
(p=205). tive boundary layer, evidently has more difficulties during the

The greater weakening and delay of the diurnal cycle adnight. Also, the diurnal cycles in the observed partitioning on
well as the shift towards the aerosols phase in the columi$ May and 21 May are disturbed, very likely by advection.
model (Fig.5) are caused by vertical mixing. In the con- Qur model, nqt able to simulate advection, will always result
vective boundary layer, air from the upper boundary layer isin @ Smooth diurnal cycle. On 8 May, we model the correct
mixed towards the surface. That air experienced a lower abMaximum gas phase fraction (30 %) with= 7200, which
solute temperature and a higher relative humidity and thudS @n improvement over the instant-equilibrium simulation.
contains more aerosol nitrate and less nitric acid compared!OWever, the timing of the peak is better with shortgr
to the equilibrium at the surface. If the equilibrium is re- ON 21 May, we model approximately the correct gas phase
stored only slowly (highp), the nitrate remains longer in fraptlon in the afternoon (10 %), with a smallgrsensitivity.
the aerosol phase, resulting in a higher aerosol fraction ofl NiS low gas phase fraction is caused by the low temperature
nitrate at the surface. This effect causes a further weak®n that day. It should be considered that there may be a sys-
ening of the diurnal cycle. Moreover, because there is ndeématic overestimation of the nitrate gas phase fraction in our
counterbalancing effect during the night (mixing through the model, b_ecause the model does not tz_ake _the interaction with
nocturnal boundary layer is inefficient), this effect also dis- S€2 Salt into account (where chloride is displaced by nitrate,
places the average towards the aerosol phase. Furthermore€€ Sect2.2). Though it is difficult to quantify this effect,
the enhancement of aerosol nitrate in the convective boundtlis might suggest that a timescale of 1800 s produces good
ary layer causes the maximum gas phase fraction to occur af€Sults on 6 May with a well-timed maximum gas phase frac-
ter the convective boundary layer has collapsed (18:00 UTcion around 18:00 UTC that is overestimated by 17 %.
or later, see Figb), indicating that convective mixing has a
significant effect on the nitrate partitioning at the surface.

Increasing the timescale of partitioning improves the cor-The diurnal variation of the modelled aerosol nitrate profiles
respondence of the modelled nitrate partitioning at the surare displayed in Figs. Several afternoon profiles show en-
face to the observations, especially on days where advectiohanced aerosol nitrate concentrations with altitude within the
plays no significant role, which is indicated by a smooth di- well-mixed boundary layer due to different gas-aerosol equi-
urnal cycle in the observed surface nitrate partitioning (e.g.libria in the lower and upper boundary layer. The longer the

3.2.3 Aerosol nitrate profiles
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Fig. 2. Upper panels: observed total nitrate (nitric acid plus aerosol nitrate) concentration at Cabauw for 6 May (left), 8 May (middle) and
21 May (right). Lower panels: observed partitioning of nitrate and equilibrium by ISORROPIA for these days.

partitioning timescale, the weaker the vertical nitrate gradi-that the model is based on RMobservations (MARGA),
ents, because vertical mixing plays a more prominent role atvhile the aircraft observations (AMS) are BM Apart
high 7. The strength of the vertical gradient is positively from this expected overestimation, we can conclude that the
correlated with the gas phase fraction of nitrate at the sursimulation with short (20 s) partitioning timescale represents
face, which is largest on 6 May and smallest on 21 May. Thisthe vertical profile best, with highest concentrations around
is logical, because the conditions favour the aerosol phase d200 m altitude. The fact that this short-timescale simula-
higher altitude. Therefore, itis the gas phase nitric acid at thetion performs best can partly be explained by the fact that the
surface that may undergo a phase transition when moving taircraft AMS measures the finest particles, which are equili-
the upper boundary layer. brated quickly. The spread of the observations is quite large,
In Fig. 7, the modelled aerosol nitrate profiles are com- Which may partly be explained by different aerosol nitrate
pared to aircraft observations presentedMorgan et al. ~ concentrations in updrafts and downdrafts due to the vertical
(2010 (shown in Fig. 6 therein for 8 May). For the compar- gradient. This explanation requires further investigation, e.g.
ison, the aircraft data were converted in two aspects. FirstWith large-eddy simulation.
the masses NDwere converted to masses N (scales downa For 21 May, both the model and the observations show
factor 4.4). Second, the scaling to standard temperature angimilar nitrate concentrations at 500 m altitude and at 1200
pressure, which is done Morgan et al(2010, was undone.  or 1300 m altitude. Still, the observed aerosol nitrate con-
The latter conversion reduces the concentrations in the upp&fentration at the surface (AMS) is remarkably low, al-
boundary layer. To visualise this effect, the dashed referencenost 1 ug N n3 lower than expected from the aircraft ob-
line is shown. This line corresponds to a fixed scaled concenservations. If total nitrate was well-mixed through the
tration of 2.0 ug N sm®. The modelled profiles in Fig.are  poundary layer, at least that amount of nitrate should be
from 15:30 UTC for 8 May and from 11:30 UTC for 21 May, present in the gas phase at the surface. The MARGA-
the times when the aircraft was close to the Cabauw tower. gpservations, however, show much lower nitric acid con-
For 8 May, we clearly model higher nitrate concentrations centrations £0.2 ug N nt3), so just the transition from gas
than observed. This discrepancy can be explained by the fagihase to aerosol phase can not explain the entire difference

www.atmos-chem-phys.net/12/3005/2012/ Atmos. Chem. Phys., 12, 3(BIR3 2012



3014 J. M. J. Aan de Brugh et al.: Modelling partitioning NH4NOg3 in the CBL

25 T T T 25 T T T 25 \
—_ Y
s 6 / | gl /7 21
~ 20 may B 20 - wmay B} 20 may B
o VY
= \
S 15t M5 - 15f / "
N . N ' AN
g \ - N
g 10r Model 1 10p Model 1 10¢ Model ]
& — Observation — Observation \\_/' — Observation
I I I I I I \ I |
50 6 12 18 24 5O 6 12 18 24 50 6 12 18 24
T 1.0 T T T 1.0 T T T 1.0 T T T
> 0.8F 6 1 os 8 - o8 — 21 -
% MAY // MAY MAY
é 0.6F =4 0.6r -4 0.6r -
2 :
o 0.4f 4 0.4 e ~4 0.4 -
= 0.2} Model - 0.2+ Model - 0.2+ Model -
T — Qbservation — Observation =— QObservation
Q
Y | | | | | | | | |
0'00 6 12 18 24 0'00 6 12 18 24 0'00 6 12 18 24
Hour (UTC) Hour (UTC) Hour (UTC)

Fig. 3. Upper panels: observed and modelled surface temperature for 6 May (left), 8 May (middle) and 21 May (right). Lower panel:
observed and modelled relative humidity for these days.

T 1.0 I T 1.0 I T T 1.0 I T T
~ — T, = 20s — T, = 20s
S 0.8 0.8 | 2z 8 | osp|—rzime 21 1
= ++ Observation MAY ++ Observation MAY
& 0.6 0.6 0.6F .
=
Q 0.4 0.4 0.4+ -
2
a 0.2 0.2 0.2\ =
wn i el
1%}
| | | | - | |

O 0'00 6 12 18 24 0'00 6 12 18 24 0'00 6 12 18 24

Hour (UTC) Hour (UTC) Hour (UTC)

Fig. 4. Partitioning of nitrate, modelled by nudging the equilibrium calculated by ISORROPIA with different timescales, and observation,
for 6, 8 and 21 May.

between the surface AMS and the airborne AMS. Coarse3.2.4 Optical analysis

mode aerosols, which are not measured by the AMS, or sur-

face processes affecting the fine mode aerosol (seeNa&so . o ]

mitz et al, 2009, are possible explanations. See a#gnsah We calculated the scattering coefficients according to

et al. (2011) for a comparison between MARGA and AMS Sect.2.2.3and compared them with the scattering coeffi-
data. cients measured bylorgan et al.(2010. The SMPS data

required for the optical calculations were only available for
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Fig. 5. Partitioning of nitrate modelled by the column model with different timescales of partitioni)gtie ISORROPIA-only simulation
and the observation for 6 May (left), 8 May (middle) and 21 May (right).

the second half of May 2008, so for 6 and 8 May, we usedpartitioning timescale is assumed short. These gradients are
the SMPS data from 21 May. We will analyse the sensitiv- stronger on 6 May (almost a doubling of the scattering coef-
ity of the optical properties to the aerosol size distribution in ficient over the boundary layer) and weaker on 21 May (no
Sect.3.3. Figure8 shows the modelled scattering profiles for gradient). On 8 May, the situation is in between, with a scat-
the three selected days. Of each simulation, a plume of thretering coefficient increment of 50 % over the boundary layer
profiles from afternoon hours is shown. The thitfRH) line for short (20 s) partitioning timescale. Longer partitioning
is obtained by taking a fixed mixing ratio of aerosol compo- timescales result in small gradients in the scattering coeffi-
nents representative for the lower boundary layer and assuneient (at most 20 % increase on 6 May with=1800s).

ing instant equilibrium for aerosol water. Repartitioning of On 6 and 8 May we model a stronger gradient in the scat-
ammonium nitrate is not tak(_an into account in this latter Ca"tering coefficient thanf(RH) when the timescale of parti-
culation. Generally,f(RH) rises with altitude. Thus, the tioning is not too long. For 21 May, we model a strongly
effect of additional moisture by rising relative humidity with rising £(RH) due to the high relative humidity in the up-
altitude outweighs the effect of lower aerosol volume con- per boundary layer. The differences betwegfiRH) and
centrations due to lower air density (note thatin a well-mixedyn o o elled scattering profiles is mostly due to disequilib-
boundary layer, the mixing ratio is constant with height, not j,, of aerosol water, as repartitioning of nitrate plays only

the concentratio_ns). o a small role on this day (see Se8t2.3.
The observations presented in Fig. 9 Mbrgan et al.

(2010 are projected on the graphs of 8 and 21 May. The Forboth8and 21 May, our model underestimates the scat-
£(RH) profiles ofMorgan et al(2010 are obtained in a sim- terln_g coefficient by about a factor of two. An mpo_rtant is-
ilar way as the modelled one. It is based on the measure§Ue iS that the model only takes secondary inorganic aerosols
scattering coefficient at the surface at Cabauw and the obiNt0 account. The lack of organic aerosols in the model can
served relative humidity. The effect of additional moisture CUSe quite an underestimation of the scattering coefficient,
on aerosols is parameterised as Ei.(6ee Sect2.1). This because organic aerosols are a major component of .partlcu-
equation is solved as follows. late matter in EuropeRutaud et a).2004. For 8 May, in-
creasing scattering coefficients with altitude have been ob-
1+aRH§ served. Such a gradient is only reproduced by the simulation
(’Om (13) in which the partitioning timescale is set to 20s. Like the
0 observed aerosol nitrate concentrations, the observed scat-
Here, o, is the scattering coefficient at altitude og is the  tering coefficients on 8 May exhibit large variability, which
measured scattering coefficient at the surface, Bitl RH can be due to differences between convective updrafts and
are the relative humidities at altitudeand surface. Coeffi- downdrafts as discussed in Se8t2.3 For 21 May,Mor-
cientsa andb are obtained by measurements in the aircraftgan et al.(2010 do observe a clear gradient in the scatter-
(see Sect2.1). As with the modelledf(RH), the effect of  ing coefficient, much stronger thaf{RH) (red in Fig.8).
additional moisture on aerosols is also partially compensated he observed aerosol nitrate profile from the AMS, however,
by the lower aerosol concentrations due to lower air density.does not show such a gradient (see F)gThis suggests that
Like for aerosol nitrate concentrations, our model calcu-the gradient in the scattering profiles is not due to additional
lates increasing scattering coefficients with altitude when theaerosol ammonium nitrate. Possibly, the gradient in the

0; =
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Fig. 6. Modelled aerosol nitrate profiles with partitioning timescales of 20 s (top panels), 1800 s (middle panels) and 7200 s (bottom panels),
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observed scattering coefficient is due to organic aerosol comeoefficients to a value more than three times as high as at the
ponents that are more volatile than ammonium nitrate. Oursurface. The simulations with highes do not reach those
model, lacking these organic components, evidently does noigh values yet in the afternoon because the model also slows
calculate a gradient in the scattering coefficient. down aerosol water uptake with that time constant. However,
At high relative humidities, the aerosol water uptake be-the highz, simulations also show high scattering coefficients
comes extra sensitive to small changes in the relative humidlater in the day when the convective boundary layer collapses
ity. This causes the aerosol water uptake and therefore théot shown). The observations also do not show such a sud-
calculated scattering coefficient to reach very high values afleén increase in the scattering coefficients, indicating that that
relative humidities above 90 %. This is the case in our simu-the very sensitive regime was not reached at the time of the
lation of 21 May, above 1.5 km altitude. Fgy=20s and for ~ observations.
f(RH), we calculate a very sudden increasee in the scattering
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tions andf (RH), which is based on observed scattering coefficient at the surface and observed relative humidity with an assumed power-law
relationship between relative humidity and scattering coefficient.

3.3 Sensitivity of optical properties The left hand side of Eq14) is the relative gain in scattering
coefficient. The right hand side of EdL4) is the function

In this section, we present a more technical analysis on houfit With parameters: andb. Note that these and b val-

the optical properties of the aerosol vary with the aerosol siz&!€S depend on the type of aerosol measured. The function
distribution, the aerosol composition, and the assumption onjit is @ straight Ilne on ailolg-log plot with sloﬁgand value
how condensed matter is distributestip? or ~D3). We ¢ &t 100% relative humidity (RH=1). By plotting the rela-
calculate the optical properties with fixed concentrations oftive 9ain in scattering coefficient (left hand side) on a log-log
aerosol components in equilibrium with air with varying rela- SCal€, We can evaluate if our optical calculations result in a
tive humidity (£ (RH)). Like in the f(RH) case in SecB.2.4 §|m|lar rglgtlonsh|p between scattering coefficient and rela-
we do not allow for repartitioning of ammonium nitrate, only tive humidity.
the equilibrium for water is calculated. We will compare  Out of the three selected days, valid data of the aerosol
the calculatedf (RH) with observed function fits. First, we size distribution is only available for 21 May. We will there-
rewrite Eq. Q) (see Sect2.1). fore evaluate the modellefi(RH) during this day. Measure-
ments off (RH) are available for several flights in May 2008,
O RH (14) including 21 May. Figured displays the comparison be-
Odry - tween modelled and observgdRH). The highlighted lines
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Fig. 9. Relative gain in scattering coefficient of aerosols as a function of relative humidity, without repartitioning of ammonium nitrate, with
instant equilibrium for aerosol water. The calculations use observed (MARGA) surface concentrations of ammonium nitrate and ammonium
sulphate and SMPS-observations at Cabauw of the aerosol size distribution, both for 21 May. One plume assumes coneérnyainh (

the other assumes condensatien[@3). Both plumes consist of twenty-four calculations, one per hour. The aircraft plots are power-law
fits of measurements during several flights. Highlighted are the calculations for 11:30 UTC and the function fit during the flight of 21 May,
which was around the same time.

in Fig. 9 correspond to the same time, 21 May around High values ofb are associated with a higher ammonium
11:30 UTC. For the majority of the RH-domain, we calculate nitrate content with respect to ammonium sulphate, which
a power-law relationship between the scattering gain and thés in line with Tang (1996. On 21 May, however, the ra-
relative humidity, indicated by the straight lines. If we anal- tio between ammonium nitrate and ammonium sulphate did
yse these straight parts, we can assigrmand b-value to  not vary much. High values df are also associated with an
each of the calculations. At high relative humidities, how- aerosol size distribution dominated by fine particles. Differ-
ever, the calculations give higher scattering gains. This is-ences in the aerosol size distribution are responsible for the
sue was also discussed in S&R.4(see also Fig8). The  variations inb for the (~D?) calculations. In the+D3) cal-
valuea is a multiplication factor of the RH-dependent part culations, where condensation on coarse aerosols is favoured,
of f(RH). Thus, a high (low) value fat indicates that the the b-values are small. The observations show higher
optical properties of the aerosol are more (less) sensitive tovalues than the calculations, which can mean two things.
the relative humidity. The valug is the power of the rela- One possibility is that the real aerosols take up more water
tive humidity, which reduces the scattering gain especially atthan the modelled aerosols. As discussediorgan et al.
moderate relative humidities. Thus, a high (low) valuefor (2010 and in this work, aircraft observations show elevated
indicates a reduced (increased) scattering coefficient at modiitrate to sulphate ratios compared to the surface, on which
erate humidities compared to low or high humidities. the calculations of Fig9 are based. This is associated with
Remarkable is that the aircraft measurements show venpigher b-values. Moreover, semi-volatile organic aerosols
little variability in their a-values ¢ = 1.033+0.085), while  might also result in higheb-values. Organic compounds
theb-values vary considerably & 4.8124+1.049). The cal-  have strongly varying hygroscopic properti®&autbangkul
culations assuming condensation D?) also givea-values et al, 2006, so organic compounds could in theory also
very close to 1.0 = 1.046+0.087) and strong variations in  be responsible for the high observedalues. The second
b-values, although the calculatédvalues are significantly possibility is that the assumption of homogeneous spherical
lower on averagel(= 3.1674+0.928). The calculations as- aerosols causes a bias, an issue that will not be explored here.
suming condensation(D3) differ more from the observa-
tions. Thea-values are too higha(=1.979+0.058). The 34 Correcting the instant equilibrium
b-values of the £ D3) simulation are all similar to the low-
est (i.e. worstp-values of the{ D?) simulation, resulting in
a low average and a very small spreéd=2.318+40.048).
To compare, the lowest-value for the~ D2-simulation is

2.356. This analysis suggests that the§”) assumption coarse-resolution models, however, do not benefit from a de-

3 . . . . _
p_erfo_rms beter than the-(D") assump_tlon, which ISanin lay time as used in this study, because it is required that tur-
Q|c§tlon that t_he gas_-ae_rosol system is generally in dlseqL“bulent mixing is resolved by the model. We will therefore
librium (see discussion in Se@.2.3. present a practical modification of the instant-equilibrium as-

sumption by using ISORROPIA with the temperature and

In Sects3.1and3.2.2we showed that assuming instant gas-
aerosol equilibrium may result in biases in the surface nitrate
partitioning (already shown ischaap et al.2011). Most
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Fig. 10. Upper panel: calculated equilibrium gas phase fraction of nitrate using observations of total ammonium, total nitrate and sulphate,
using temperature and relative humidity at 2m, at 200m, and at varying altitude (only for unstable conditions), and observed gas phase
fraction of nitrate, in the period 6-13 May 2008. Lower panel: altitude as function of time of the day used for the varying-altitude calculation.
The thickness of the line represents the number of days at which the conditions were unstable at that time.

relative humidity at a higher altitude rather than at the ¢ =0.398. The height function is displayed in the lower

surface. panel of Fig.10 and the gas-aerosol equilibrium with this
We repeated the instant-equilibrium calculations for theheight function is shown in upper panel of FitQ in dark

fair-weather period (6—13 May) with observations of temper-yellow. Note again that periods with stable conditions are

ature and relative humidity at 200 m altitude (highest obser-skipped.

vation in the Cabauw tower). As shown in Fit0 (upper This analysis shows that, at least for clear days in May,

panel, green line), we see that the results improve signifi-biases in the surface nitrate partitioning can be substantially

cantly during the nights. In daytime, the difference betweendecreased by calculating the equilibrium using temperature

the 200-m meteo and the 2-m meteo is very small, indicatingand humidity at a higher altitude rather than at the surface.

that the altitude of 200 m is still too low during daytime. The altitude at which the temperature and humidity should be
Because no observations are available at altitudes aboveampled can be described with a simple function with only

200 m, we obtained the temperature and humidity at highethree parameters (E45).

altitudes by transforming the observations at 200 m assuming

constant specific humidity and potential temperature. These

assumptions are only valid in a well-mixed boundary layer.4 Conclusions

We will therefore only use this transformation at unstable

conditions (TZm > To00 m) We prescribed an altitude as An explanatory model StUdy has been carried out to in-

function of the time in the day with three fit parameters. We Vvestigate the partitioning of ammonium nitrate aerosols in

calculated the equilibrium of the gas-aerosol system usinghe convective boundary layer on clear days in May 2008.

the meteorological data at that altitude (using the transforOn clear summer days, the equilibrium model ISORROPIA

mation from the 200-m observation), only at unstable con-show a clear diurnal cycle in the equilibrium of ammonium

ditions in the period from 6-13 May. We determine the fit nitrate, with a maximum gas phase fraction during daytime

parameters such that the error in the calculated gas-aerosand @ maximum aerosol phase fraction during night-time.

equilibrium is smallest. The fit function that is used looks This diurnal cycle in the calculated equilibrium, however, is

like: stronger than the diurnal cycle in the partitioning observed
; with the MARGA-instrument at Cabauw. Our hypothesis is
h=a+b-sin(2r(=— —c¢)) (15) that the gas-aerosol equilibrium is never fully established in
24h reality.
Here,r is the time,. is the altitude anda,b,c} are fit pa- When introducing a finite speed at which gas-aerosol equi-

rameters that are tuned 0= 190.1m,b =418.5m and librium is established, the modelled partitioning is closer to
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